Abstract: Fe(2 ML)/V(y ML) and interleaved Fe(2 ML)/V(y ML)/Fe(3 ML)/V(y ML) superlattice systems with spacer thicknesses, y, (4 ≤ y ≤ 17) were investigated macro-magnetically to estimate the coupling strength and the magnetoresistance in these materials, and particularly in the antiferromagnetically coupled monolayers. The results from the magnetic and magnetoresistive measurements indicate that adding one monolayer of Fe increases the antiferromagnetic coupling and the magnetoresistivity ratio from 0.0075 mJ/m 2 at 20 K and 2 % at 10 K for Fe(2 ML)/V(y ML), to 0.05 mJ/m 2 and 2.5 % for Fe(2 ML)/V(y ML)/Fe(3 ML)/V(y ML) at the same temperatures. Both systems exhibit in-plane magnetic and magnetoresistive isotropy, therefore the increase of the conferred physical parameters is attributed mainly to the stresses at the interface as governing mechanisms over the magnetoelastic forces.
Introduction
Research on two ferromagnetic (FM) metals with thicknesses in the monolayer (ML) range, separated by a nonmagnetic (NM) spacer has been a topic of extensive theoretical [1] and experimental [2] work for these structures' potential in giant magnetoresistive (GMR) devices [3] , hydrogen storage [4] and recording media [5] . Theoretical studies and experimental data deal with FM/noble metal/FM [1, 2] , FM/rare earth/FM [6] and FM/AF/FM [7, 8] architectures. (AF ≡ antiferromagnetic.) The Ruderman -KittelKasuya -Yosida (RKKY)-like interlayer exchange coupling (IEC) in FM/NM/FM multilayers is periodic with diminishing amplitude at each consecutive period [1, 9] . The IEC is temperature dependent and its highest values are at the lowest temperatures [1] . They depend on the Fermi surface of the spacer, and not on the FM materials [1] . The IEC may be modified by the capping layer of the structure [10] .
A majority of works discuss the period of the oscillation in the IEC and its amplitude [1, 8] . First principles calculations on the exchange coupling in magnetic Fe/V and Fe/Cr multilayers predict short and long oscillation periods of 3 and 11 ML for (001)Fe/V, and ∼ 2 and 12 ML for [001]Fe/Cr [9] . These values are dependent on the parameters in the calculation -e.g. step potential in Ref. [9] . Broadly concluded, two ferromagnetic layers separated by a nonmagnetic spacer can be AF coupled at a specific narrow range of spacer thicknesses. The theoretically calculated coupling energy densities at 0 K are ≈ 0.3 mJ/m 2 for Co/NM/Co and 0.4 mJ/m 2 for Ni/Cu/Ni [1] , therefore a considerable magnetoresitive effect is anticipated in these heterostructures. The experimentally observed values of the coupling enery densities and the magnetoresistance ratio (MR), however, are often very different from the calculated ones [2] . The divergences are usually attributed to specifics of the fabrication and imperfections at the interface, such as roughness [1] , interdiffusion and islands [11] , alloying [12] . There are not so many works, which consistently investigate the effect of the fabrication procedure on the performance of the device; the data on this problem strive for further understanding and optimization of the outcome. And there are only a few works on the effect of the magnetic anisotropy (MA) on the coupling strength in Fe/V systems [13] [14] [15] . (The MA in this work reflects jointly the magnetoelastic coupling of the FM layers, the shape anisotropy, and the strains and stresses at the interfaces.) It is established, that the Fe(x)/V(y)/MgO(001) materials are magnetized in-plane and the magnetic anisotropy becomes relevant above 3 ML of Fe [13] [14] [15] . The corresponding samples may show spin reorientation of the Fe monolayers to the [110] direction [13, 14] . While for small Fe thicknesses the strains govern the growth [13], this is not so for Fe > 3 ML. The thick Fe monolayers relax in the energetically more favorable [110] direction, thus causing a decrease of the IEC and the MR [14] . In a number of works [14, 15] it is verified that the coupling strength and the magnetoresistance have maximum values at ≈ 5.5 Fe monolayers and when antiferromagnetically coupled at 13 ML of V (see e.g. Fig. 2 in Ref.
[15] b). However, the magnetic anisotropy deteriorates greatly the performance of the device -while for Fe(5 ML)/V(13 ML) at 10 K the MR is 5.2 % and the coupling strength ≈ 0.09 mJ/m 2 , these parameters are practically the same in Fe(6 ML)/V(13 ML) and decrease dramatically upon further increase of the Fe coverage [15] . This work studies some isotropic materials within the Fe(x)/V(y)/MgO(001) system: Fe(2 ML)/V(y), 2 and 3 ML of Fe interleaved as Fe(2 ML)/V(y ML)/Fe(3 ML)/V(y ML), and Fe(3 ML)/V(y). (With x is denoted the Fe coverage and with y -the V spacer with thicknesses between 4 and 17 MLs.) Fe(3 ML)/V(y ML) is basically studied in Refs.
[15, 16], we will review some of the results as complementary to our conclusions. In a model isotropic system, the IEC and MR will increase in a specific way, and possibly linearly, with Fe thickness. In reality this will apply to a device when the Fe coverage is low and the surface/interface and shape anisotropies are approximately constants, which is the case. Thus the investigation leads to a quantitative estimate of the role of one Fe ML in an idealized Fe(x ML)/V(y ML)/MgO(001) device.
Experimental
The materials were prepared in a 3 source sputtering system, described in detail in Ref. [17] . To enhance the magnetic signal they were deposited as twenty five bilayer sequences of Fe(2 ML)/V(y ML) and ten repetitions of Fe(2 ML)/V(y ML)/Fe(3 ML)/V(y ML). The MgO(001) substrates, purchased from Sci Engineered Materials Inc., were pre-cleaned exsitu and in-situ in the UHV system by Ar sputtering at 700
• C and outgassing at this temperature for 15 min [16, 17] . The principal materials were deposited at 330
• C -the optimal temperature for their epitaxial growth [16, 17] . The thicknesses of the layers were controlled during the deposition with a calibrated microbalance positioned close to the substrate. Additionally, they were verified by Rutherford Backscattering (RBS) measurements [18] . The samples were coated with a protective 30Å Pd layer for measurements outside the vacuum chamber. The structural quality of the samples was determined by θ − 2θ X-ray Diffraction (XRD) measurements made with a D5000 Siemens diffractometer using Cu Kα radiation. The experiments were carried out in a low-angle, 2θ = 1 − 14
• , and high-angle, 2θ = 50−85
• , ranges. The low-angle XRD data are used to calculate the repeat distances Λ and the average interface roughness; in the case, the average estimated roughness was ≤ 1 ( 0.5 ML). The high-angle XRD data are needed to determine the average out-ofplane lattice constants in the Fe and V layers. Software programmes were used to determine the discussed parameters: WinGixa [19] for the low-angle, and SUPREX [20] for the high-angle diffraction patterns. The magnetic characterization of the materials was made with a Quantum Design Magnetic Property Measurement System (QD MPMS -5). The magnetic performance of the two series of samples was monitored, and macroscopic parameters were determined to review their evolution with the thickness of the V spacer, N V . The dc measurementtechniques are described in details in e.g. Ref. [21] : zero-field cooled and field-cooled magnetization M ZF C/F C (T, H = const.) to estimate the temperature of the phase transition to the paramagnetic state, T c (N V ), hysteresis loops at fixed temperatures to determine the coercitivity and its temperature dependence, H c (T, N V ), the saturation magnetization, M s (T, N V ), the saturation field, H s (T, N V ), the magnetic remanence, M r (T, N V ). (The temperature is denoted by T and the applied dc magnetic field by H in the discussion herein.) The AF samples in Fe(2 ML)/V(y ML) were studied by neutron reflectivity measurements made in Grenoble (France), because their MPMS-signals are very low as acceptable data. The transition temperature-points were calculated in two ways: as the minimum of the derivative dM F C (T )/dT and from the linear approximation after the inflection point of M 2 (T ) → 0 according to the mean field theory [2, 21] .
The static dc magnetic measurements confirmed that these materials are magnetized in their planes only. Thus the samples in the magnetotransport measurements were aligned with their planes parallel to the magnetic field. The magnetoresistance was measured by the four-probe dc mode with in-plane electric current being parallel or perpendicular to the H, to observe a possible in-plane magnetoresistive anisotropy. The magnetic field was swept up and down to ± 0.35 T to ensure a complete magnetic saturation in the structures. higher values due to the method of calculation. † This, however, is irrelevant for the qualitative conclusions in regard to the coupling of the Fe monolayers. The measurements and the results for T C revealed three types of coupling between the Fe layers: ferromagnetic, antiferromagnetic and uncoupled Fe layers. For the Fe(2 ML)/V(y ML)/Fe(3 ML)/V(y ML) system, the antiferromagnetic coupling generates ferrimagnetic behavior, as the magnetic moment of Fe(3 ML) is larger than that of Fe(2 ML), and there will be a resultant magnetic moment in the opposite alignment of the sublayers. We invoke the mean field theory as a simplified theoretical background for interpreting the results in Fig. 1 . According to it, T C is proportional to the interlayer exchange energy per magnetic atom, , which is periodic in nature: T C ∝ -| |; thus when one of the sublayers changes its alignment -| | will stay negative. The period of is half the oscillation period of the macro-magnetic observables [2, 21] . The local minima in correspond to uncoupled layers, the maximum -to ferromagnetically or antiferromagnetically coupled layers. The magnetic measurements prove, however, that the structures before † The two calculative methods may result in a difference of T C up to 5 degrees. The divergence is the same for all investigated samples within the experimental error -0.5
• . the first local minimum in Fig. 1 (a) or (b) are FM, and so are the structures after the second local minimum. Thus an increase in T C to a local maximum (and respectively in ) can correspond to reversal of the magnetic alignment of one of the sublayers. For the Fe(2 ML)/V(y ML) system this leads to an assumption that neighboring Fe(2 ML) layers may be oppositely aligned for N V between 12 and 14 ML, and for Fe(2 ML)/V(y ML)/Fe(3 ML)/V(y ML) -these are possibly the samples with N V between 9.5 and 11 ML. The results displayed in Fig. 1 allow to make some observations and conclusions: e. g. the temperature of the local maximum, T max C , in Fig. 1 (a) is ≈ 110 K, and from Fig.  1 (b) for the interleaved system is seen that T max C is ≈ 210 K. It is reported in Ref. [16] for Fe(3 ML)/V(y ML) that the range of the AF coupling is 12 -14 layers of V, and the T C of Fe(3 ML)/V(13 ML) is above 300 K. The strengths of the AF coupling can be estimated roughly using the results in Fig. 1 and a simple assumption that the IEC energy
is the transition temperature of the uncoupled layers.
(This estimate is not quite precise, as it is based on the assumption that all Fe atoms are equally affected by the interlayer coupling; in reality only a part of them experience the maximum coupling strength, which determines the T C .) Thus for Fe(2 ML)/V(y ML) I is 22.5 mJ/m 2 and for Fe(2 ML)/V(y ML)/Fe(3 ML)/V(y ML) I is 31 mJ/m 2 . This leads to the conclusion that adding one Fe monolayer, i. e. effectively one half of an Fe ML in Fe(2 ML)V(13 ML) causes an increase in the coupling energy of 38 %. In Fig. 2 left panel are shown the magnetic remanences at 20 K: M r /M s of Fe(2 ML)/V(y ML) in Fig. 2 (a) and M r /M s of Fe(2 ML)/V(y ML)/Fe(3 ML)/V(y ML) in Fig. 2 It is observed in Fig. 2 that the M r /M s drops down to 0.2 in the Fe(2 ML)/V(y ML) system, and it decreases to 0.5 in Fe(2 ML)/V(y ML)/Fe(3 ML)/V(y ML). Results indicate that the remanence of Fe(3 ML)/V(y ML) at 20 K is 0.16 [16] . It makes sense to assume that the additional ≈ 0.3 parts of the remanence in Fe(2 ML)/V(y ML)/Fe(3 ML)/V(y ML) are caused by the supplementary Fe monolayer interleaved in this material. The ranges of the V thicknesses to observe the minimum in M r /M s are closely the same as the ranges for the maximum in T C (N V ): 12 -14 ML for Fe(2 ML)/V(y ML) and 9.5 -11 for Fe(2 ML)/V(y ML)/Fe(3 ML)/V(y ML). The remanent 0.2 parts in Fe(2 ML)/V(13 ML), and the non-vanishing part of the remanence in these systems in general, are explained with specifics of the fabrication procedure: roughness at the interface of ≈ 0.5 ML, ineffective control of the thickness through the repetitive layers and local fluctuations in the thickness, which may result in interface regions with ferromagnetism coexisting with the major AF coupling. Higher values of remanence (0.6) are reported in Ref. [2] for Ni/Au fabricated by sputtering in 10 repetitions, and (-1) in Ref. [11] for Fe/V(001) fabricated by magnetron sputtering in 20 sequences.
In Fig. 2 Fig. 2 (c) . Moreover, the result in Fig. 2 (d) -the H s of the materials with V thicknesses above 11 ML also suggests that one reason for the artifact can be the fabrication procedure, another, however, -the interplay between the magnetoelstic forces and the strains at the Fe/V interface. It is also observed in Figs. 1 (a) and (b) . The saturation field of a material in these systems is the field needed to align both sublayers in one and the same direction; in primarily antiferromagnetic configurations these fields will be the highest, H max s . It is not unusual for these structures, and particularly for the AF coupled sublayers, that the saturation fields decrease when the Fe coverage increases (see e.g. the inset of Fig.  4 
in Ref. [15]a)
‡ . The basic acting components in an Fe(x ML)/V(13 ML) system are the strains or stresses at the interface, the magnetoelastic forces (surface and volume) and the dipolar (demagnetizing) forces related to the shape anisotropy. At higher Fe coverage the volume magnetoelastic anisotropy becomes relevant, along with the dipolar forces. Their increased relative weights can contribute to the easier alignment of the sublayers in the direction of the magnetic field, and hence the sample's lower saturation fields. The induced magnetic moment in the V spacer [22] is the maximum in Fig. 2 (c) The maximum coupling strength is reached at ≈ 5.5 ML of Fe. It is observed in Fig. 3 that I is not linearly dependent on the thickness of the magnetic layer even at low Fe coverage. (The dot-line in the figure is a third-order polynomial regression -bestfit of the data-points.) The calculations of the IEC energy by this method depend on the Fe thickness in the structure, the saturation magnetization of the sublayers and their respective fields (I = μ 0 M s H s x/4 [21, 23] ). While the magnetization of the layers increases with Fe coverage, the saturation field of the heterostructure may begin to decrease as seen in the inset of 2 ) in Ref. [1] , which deals with smaller spacer thickness (4.5 ML) and the first AF coupling peak. In this work and in Ref.
[15] the observed AF coupling is the second, because the expected first coupling and the peak at y ≈ 3 ML [9] are not observed due to the transient ferromagnetic moment in the V spacer [11] .
Magnetotransport properties
When a magnetic field is swept through an AF structure aligned in its direction, the electric resistance of the material will change, because it undergoes a magnetic rearrangement. At the field-points of magnetic saturation displayed in Figs. 2 (c) and (d) is expected that the rearrangement is basically completed and the measured resistances will tend to stable minimum values situated on a plateau. The electric current can be pointed in various directions of the sample -in-plane and out-of-plane, to check for magnetoresistive anisotropy. The magnetoresistance ratio is defined as MR =
, where R(H s ) is the resistance achieved in the saturation magnetic field and R(0) is the resistance in zero applied magnetic field. Numerous works including this have verified that the MR is dependent on the temperature and the number of the repetitions: it is higher at lower temperatures and when the structure is repeated consecutive times. A theoretical work proves that the magnitude of the MR depends on the ratio of the mean-free path of the charge carriers to the layer thickness, and depends also on the asymmetry in scattering from spin-up and spin-down electrons [24] .
The magnetic field in these experiments was swept up and down to ± 3.5 T to saturate the materials.
The two series of samples were measured and the dependence of the MR on the N V at 10 K was displayed in Fig. 4 . The dark circles present the MR of Fe(2 ML)/V(y ML) and the open circles -the MR of Fe(2 ML)/V(y ML)/Fe(3 ML)/V(y ML). It is observed in Fig. 4 , for both series of samples, that the ferromagnetic materials exhibit very low MR -practically zero, and that of the uncoupled samples is low as well -below 1 %. As expected, the highest MR is achieved in the samples with AF coupling: 12 ≤ N V ≤ 14 in Fe(2 ML)/V(y ML) and 9. Fig. 4 confirm that the MR, similarly to the magnetic properties discussed, is dependent on both: the Fe coverage and the spacer thickness. Its highest values are observed at 13 ML of V in the Fe-symmetric Fe(x)/V(y)/MgO(001) materials [15, 21] . It, however, increases linearly only at lower Fe coverage (≤ 3 ML); above 3 ML the dependence is not linear and it has a local maximum at N F e 5.5 ML. The decrease of the MR after 5.5 ML of Fe is possibly caused by anisotropy other than the stresses at the substrate/Fe and Fe/V interface. This additional anisotropy may influence the interplay of the basic forces in the system more significantly at Fe coverage above 
Discussion and conclusions
The investigated systems were grown on MgO(001) substrates, which have fcc crystal structure and lattice constant a = 4.212Å. Bulk Fe has bcc A 2 structure and lattice constant a = 2.87Å, bulk V has similar crystallographic structure and lattice constant 3.02Å. There are basically two ways to perform the growth: using a thick buffer layer, e.g. V, or pesudoexpitaxial growth of the Fe/V superlattices in the [110] direction of the substrate. In this work was chosen the second approach -the [100] Fe planes were in the [110] MgO direction. The values of the lattice parameters imply that there are considerable misfits, which cause stresses at the surfaces: substrate/Fe interface (misfit ≈ 36 %) and Fe/V (≈ 5 %). The stresses are usually accommodated by dislocations above a critical thickness, t c , of the material. The first stage of the growth is pseudomorphic to the critical thickness. Above t c the growth is relaxed and incoherent with the substrate, the misfit dislocations are stable and the residual strains or stresses drop off at a high rate. E.g. t c is 27Å for Ni grown in Cu/Ni/Cu/Si(001), and the strains decrease as the -2/3 power of the Ni thickness [25] .
In a thin film generally, there are five basic factors influencing significantly its behavior and macro-properties: interface, magnetoelastic (ME), elastic, shape and magnetocrystalline anisotropies. They jointly contribute to the effective anisotropy energy density of the thin film, K ef f . It is tempting to observe the interplay of these components, which vary at low and high Fe coverage. In the spin-pair model, which describes the magnetic interaction potential between two atoms with Legendre polynomial [26] , the total magnetic anisotropy energy includes the second-order magnetoelastic terms, and is presented as [25] :
The ) − D B e 0 ] -the bulk components and -2πM 2 s is the magnetic contribution of the shape anisotropy. In more detailed presentation, B I and D I are the interface ME coefficients -linear and second-order, correspondingly, K N is the Neel-type interface term, B 1 and D B -the bulk ME coefficients -linear and second-order, respectively, M s -the saturation magnetization, c 11 and c 12 -the elastic constants of the material, e 0 -the biaxial in-plane strain or stress, t -the thickness of the deposited magnetic material -Fe in the case. Eq. (1) can be presented in a simple form:
where the denotations are substitutes of combinations of the physical parameters introduced above. Analysis performed in Ref. [25] shows that at some thickness of the deposited material the contribution of the negative terms in Eq. (1) and (2) can be significant, which will lead to a local maximum in the K ef f t vs. t dependence. This is possible when the negative-sign terms in Eq. (1), such as the second-order bulk magnetoelastic energy and shape anisotropy become with significant weight over the surface terms. E.g. the second-order bulk magnetoelastic energy is ≈ 40 % of the total anisotropy energy in a 30Å Ni film in Cu/Ni/Cu/Si(001) There is a direct dependence of the magnetization on the total anisotropy of the material [13, 25] , which suggests a possibility that at 5.5 ML of Fe the volume magnetoelastic anisotropy may begin to overweight in the interplay of the basic contributing factors in the total anisotropy. Macroscopically this may result in changing the equilibrium orientation of the magnetization from [100] to [110] , which is in fact observed for thick Fe/V superlattices [13] [14] [15] .
